In this paper, we reported an Yb-doped, femtosecond, chirped pulse amplification laser based on strictly all-fiber structure. It operated at a low repetition rate of 1 kHz and adopted the synchronously pumping technology to suppress ASE and heat accumulation. A chirped fiber Bragg grating providing adjustable dispersion is used as the pulse stretcher. High order dispersion induced by fiber, grating pair in the system was compensated accurately. Laser pulse with duration of 180 fs and energy of 112 µJ has been obtained. In addition, it has a high long-term stability of energy and a good beam quality, corresponding to energy fluctuation of 0.62% in an hour and M2 factor of 1.15, respectively.
Introduction
High energy femtosecond lasers have attracted increasing attention in recent years with promising applications in science [1] , [2] , medical [3] and industry [4] , [5] . Owing to excellent characteristics of fiber such as cost-efficiency, exceptional compactness, stability and alignment-free [6] , [7] , fiber lasers are arising as an important alternative to Ti:sapphire lasers, especially the Yb-doped fiber lasers which exhibit relatively high optical pump efficiencies and large gain bandwidth [8] , [9] . The development of these lasers has taken great strides by virtue of chirp pulse amplification (CPA) [10] - [14] . In fiber CPA systems, the seed pulse duration is sufficiently stretched at first to weaken the nonlinearity accumulation in subsequent amplification process and recompressed into fs scale in the end. Usually, a large mode area rod-type photonic crystal fiber (PCF) were employed in main fiber amplification stage for further enhancement in pulse energy, even though the introduction of costly PCF will inevitably make the system more complex. Pulse energy they can deliver has increased to hundred microjoules [15] even millijoules [11] , [16] , corresponding with pulse duration typically longer than 200 fs mainly due to residual third-order dispersion (TOD) and gain narrowing. Nevertheless, the long pulse duration with high repetition rate will result in the accumulation of heat which is detrimental in some applications such as precision micromachining, surgery and biomedical sciences [17] . In order to obtain sub-200 fs pulses, an alternative approach is recently adopted known as pre-chirp management amplification (PCMA). Compared with CPA systems, PCMA systems are embedded an additional grating pair before the main amplifier to adjust the chirp prior to nonlinear amplification [18] - [20] . Moreover, the optical nonlinearities in main fiber amplification is harnessed to broaden the spectrum of the pulse. By optimizing pre-chirp grating pair, PCMA can achieve output pulses with sub-100 fs duration. But it also has some weakness including the lower system efficiency and stability ascribed to introduction of more free space components. The pulse energy is also limited by the peak power, which cannot be too high to avoid undesired nonlinear effect. In addition to PCMA, self-similar amplification have also been utilized to realize a short pulse duration [21] , [22] . However, sufficient length of low-gain fiber is required to support self-similar amplification, which will induce stimulated Raman scattering at high peak power. In a low repetition rate (around kHz) system, it may also lead to intolerable amplified spontaneous emission (ASE) deteriorating the compressed pulse quality in time domain. Consequently, high pulse energy (exceeding 100 µJ) at kHz repetition rate with sub-200 fs duration from all-fiber structure is never reported before. As a fact, many applications rely on low repetition rate pulses train.
In this paper, we report a strictly all-fiber CPA system without PCF, which delivered 112 µJ at 1 kHz repetition rate with the compressed pulse duration of 180 fs. To the best of our knowledge, this is the highest pulse energy from all-fiber CPA laser operating at low repetition around kHz in sub-200 fs regime. In our configuration, an adjustable chirped fiber Bragg grating (CFBG) with precise regulation of high-order dispersion (HOD) as well as a laser seed with broad spectrum is adopted to overcome the drawbacks of traditional CPA and other techniques mentioned above. Meanwhile, ASE is significantly suppressed taking the advantage of synchronously pumping technology in last two amplifier stages [23] . Thanks to the strictly all-fiber structure, this laser produces a long-term stability with an excellent beam quality. Moreover, the pulse energy can be further improved by an amplification stage using PCF.
Experiment Setup
The detailed configuration of the all-fiber CPA system is shown in Fig. 1 . It's composed of an oscillator, a stretcher, a pulse picker, three stages of fiber amplification and a compressor. The oscillator is established based on all-normal-dispersion fiber laser with nonlinear loop amplification mirror (NALM) in our previous work [24] . By optimizing the parameter of NALM, it is capable of 22 nJ output pulse energy at 8.7 MHz repetition rate with 35 ps pulse duration and 25 nm spectrum bandwidth centered at 1030 nm. The most of pulse energy from the oscillator is fed into CPA system via an optical coupler with ratio of 98:2, and the rest is utilized to generate the external trigger signal for digital delay and pulse generator(DDPG). A polarization-maintaining, reflecting CFBG (TeraXion, TPSR-T) is used as pulse stretcher, the dispersion it provides including groupdelay dispersion (GDD) and HOD can be adjusted through an upper computer. Because of the low reflectivity of the CFBG and insertion loss of PMCIR, the output pulse energy from stretcher is reduced to about 5 nJ. Then, a pre-amplifier with a segment of single mode highly Yb-doped fiber is placed behind the stretcher, in order to compensate power attenuation incurred from acoustic optical modulator (AOM). The 0.5 m highly doped Yb-fiber (Nufern, PM-YSF-HI) with absorption coefficient 250 dB/m at 976 nm is pumped by a SM-LD at power of 1 W. As a result, the output power from CFBG is amplified to 46 nJ.
In order to reduce the laser repetition rate from 8.7 MHz to 1 kHz, a polarization-maintaining fiber coupled AOM was employed as pulse picker. The driver of AOM is triggered by the signal from the DDPG. Then the pulses were lunched into the boost-amplifier, which consists of a combiner, a segment of double clad Yb-doped fiber (LIEKKI, Yb1200-10/125-PM), a 25 W multimode laser diode at 976 nm. After boost-amplifier, the pulses were injected into the main amplifier stage. This stage contains a segment of double clad Yb-doped fiber (Nufern, PLMA-YDF-HI-8 30/250) which is pumped by combined five 25W 976 nm multimode laser diodes. Given the rather low repetition rate, synchronous pulsed pumping technology was applied in the last two amplifier stages to suppress ASE, heat load and enhance the efficiency. In this way, these MM-LDs are free of cooling which simplifies the structure of the system. What's more, two isolators were inserted to prevent the damage of the backward light. And two stripers were employed at the end of each amplifier to peel cladding light mainly composed of unabsorbed pump light. After the last stripper, we splice a 250 µm coreless fiber as the end cap to eliminate the surface damage. In the end, pulses were compressed by a pair of transmission gratings (LightSmyth, T-1702-1030s) with a groove density of 1704 lines/mm. The compressed pulse duration was measured by an autocorrelator (Avesta, AA-20DD).
Experiment Results and Discussion
Time sequence of seed pulse, AOM and pump pulses is illustrated in Fig. 2 . The gates of the AOM are separated by 1 ms in time domain with duration of 30 ns, and seed pulses were placed in the middle of the time gates. Laser diodes in boost and main amplifier were synchronously pulsed driven at 35 µs and 60 µs time duration, respectively. Noting that pre-amplifier is pumped by a SM-LD operating at continuous wave mode, since it is located in front of AOM with pulse repetition rate of 8.7 MHz. Choosing an appropriate length of the active fiber is important in Fiber CPA system, because if the gain fiber is too short, it will have a low gain, on the contrary, it will lead to serious ASE and Raman scattering at a high pulse energy level. Here, we selected a 1 m long gain fiber in boostamplifier stage, which has a total absorption coefficient of 7.4 dB at 976 nm. The pulse energy was boosted from 46 nJ to 1.1 µJ as shown in Fig. 3 . As for the main-amplifier stage, a 1.3 m-long active fiber was used with a total absorption coefficient of 9.4 dB at 976 nm, and the pulse energy was further increased to 194 µJ. In compressor stage, it decreased to 112 µJ, corresponding to a total compression efficiency 58%, which is mainly due to four passes through the grating with a diffraction efficiency of about 90%.
We also monitored the spectrums at different positions including seed, stretcher, pre-amplifier, boost-amplifier and main-amplifier. The evolution of spectrums is shown in Fig. 4 . As we can see, the spectrum of seed at the begin owns the widest bandwidth of 25 nm, it decreased to 23.5 nm output from the stretcher, due to the limit pass bandwidth (23 nm) of the CFBG. Then, the pulses suffered from the gain-narrowing effect in three amplifier stages, as a result, the bandwidth of spectrum reduced to 19.8 nm in pre-amplifier, 13 nm in boost-amplifier and 11.5 nm in Main-amplifier, respectively. Due to the high peak power of the main amplifier stage, the self-phase modulation has a certain broadening effect on the spectrum, making the gain-narrowing phenomenon less obvious than that in the first two amplifier stages. Afterwards, the influence of pump pulse duration in the main-amplifier stage on the output pulse energy was explored. The results are summarized in Fig. 5 . We can see the slope efficiency decreases with the increase of pump pulse duration from 52 µs to 68 µs. Here, the achievable energy of output pulse at different pump pulse duration is all limited by the Raman effect. Weighing efficiency and output pulse energy, we finally selected the pump pulse duration of 60 µs.
The CFBG stretcher we used is a fully integrated pulse stretcher module that offers an active control over the compressed pulse duration in chirped-pulse amplification stages. The CFBG provided an adjustable GDD with a range from 18 ps 2 to 19 ps 2 , an adjustable TOD with a range from −0.20 ps 3 to −0.27 ps 3 . First, the GDD value was set at 18.20 ps 2 and TOD value was set at −0.25 ps 3 , respectively. As a result, the seed pulse duration was stretched from 35 ps to 770 ps as shown in Fig. 6 (a) , which was measured by a sampling oscilloscope (Aglient 86100A-86106A) and an ultrafast photodiode (Thorlabs DET025AFC). Additionally, The 28 m-long fiber in total of CPA system introduced GVD of 0.644 ps 2 and TOD of 1.232 × 10 −3 ps3. Then, a pair of grating in a double-pass configure was employed to compress the pulse, including a small-scale transmission grating (25 × 15 mm 2 ), a large-scale transmission grating (130 × 15 mm 2 ) and a high reflective mirror (150 × 30 mm 2 ). The vertical distance between two gratings was set at 185 mm and the incident angle of beam was set at 61.3°, and it can provide GDD of −18.44 ps 2 and TOD of 0.2297 ps 3 . Finally, by fine-tuning the CFBG to further map the high-order dispersion of the whole CPA system, including the high-order dispersion induced by non-linearity, the final optimized compression effect is shown in Fig. 6(b) , corresponding that the GDD and TOD of the CFBG set at 18.99 ps 2 and −0.2220 ps 3 , respectively. The compressed pulse duration is 180 fs fitting with Gaussian curve, which is little larger than the estimated Fourier transform limited (FTL) pulse duration around 135 fs at a spectrum of 11.5 nm. In addition, we can figure out the time-bandwidth product of 0.585 according to the pulses duration and bandwidth. Moreover, from the interference autocorrelation trace shown in the inset of Fig. 6(b) , we can infer that the chirp of the pulse has been compensated well. The discrepancy between the FTL pulse duration and experiment results is mainly due to the ASE and uncompensated nonlinearity.
The long-term stability of the output pulse energy is one of key requirements in practical application. In CPA system, heat accumulation from inherent quantum efficiency and residual pump power is a key factor affecting the energy stability. Fortunately, since this CPA system is based on strictly all-fiber structure working at a low repetition rate of 1 kHz, the accumulation of heat is not serious and can be easily dissipated. We monitored the pulse energy fluctuation of the output in an hour. As the measured results shown in Fig. 7(a) , the average pulse energy is 112 µJ with stand deviation 0.69 µJ, corresponding the root mean square of 0.62%. On the other hand, a good the beam quality is also necessary in many applications. We bent the gain fiber at a radius of 9 cm in the main amplifier stage to suppress high order mode, the measured beam profile factor M 2 is around 1.15 (M 2 x = 1.14, M 2 y = 1.16) shown in the inset of Fig. 7(a) , representing a good beam quality. In addition, we measured the Radiofrequency (RF) spectrum of this laser shown in Fig. 7(b) by a signal analyzer (Keysight N9040B). We can see that this laser produces a stable train of pulses with the signal-to-noise ratio higher than 60 dB. Moreover, from the harmonic RF spectrum inset we can get that the repetition rate is 1 kHz.
Conclusion
In conclusion, we have constructed a 100 µJ-level strictly all-fiber based femtosecond CPA system with a repetition rate of 1 kHz. Synchronous pulsed pumping technology was applied in the amplifier stages to suppress ASE and heat load. A CFBG with adjustable dispersion was employed as a pulse stretcher and a HOD compensator. The pulses were compressed by a pair of transmission grating. By precisely optimizing the system dispersion, pulse duration as short as 180 fs at pulse energy of 112 µJ was achieved. To our knowledge, it is the highest pulse energy among all-fiber CPA systems in sub-200fs regime at a low repetition rate of several kHz. Meanwhile, it has a high stability of the pulse energy. The energy standard deviation is only 0.69 µJ at an average energy of 112 µJ within an hour, corresponding to the energy fluctuation of less than 0.62%. Further amplified energy up to millijoule-level should be scalable is a larger mode fiber or PCF is used, and near Fourier transform limited pulse duration can be realized with a precise control of the total system dispersion. We believe this laser system has a great potential in many applications such as surgery, biomedical sciences and precision micromachining.
